We are studying the incorporation of electromagnetic effective media in the form of arrays of metal scattering elements, such as wires, into polymer-based or ceramic-based composites. In addition to desired structural properties, these electromagnetic effective media can provide controlled response to electromagnetic radiation such as RF communication signals, radar, and/or infrared radiation. With the addition of dynamic components, these materials may be leveraged for active tasks such as filtering. The advantages of such hybrid composites include simplicity and weight savings by the combination of electromagnetic functionality with necessary structural functionality. This integration of both electromagnetic and structural functionality throughout the volume of the composite is the distinguishing feature of our approach. As an example, we present a class of composites based on the integration of artificial plasmon media into polymer matrixes. Such composites can exhibit a broadband index of refraction substantially equal to unity at microwave frequencies and below.
INTRODUCTION
Our work on multifunctional structural composites targets the integration of electromagnetic functionality into lightweight host structures and materials. Our goal is to develop practical models-analytical, computational and experimental-for the design of structural composites with controlled electromagnetic properties. The host composites have advantageous physical properties that we wish to retain while incorporating electromagnetic enhancements such as tunable index of refraction, RF absorption, and in the case of Left-handed materials, 1 negative index of refraction. These electromagnetic enhancements are produced by integrating periodic metal scattering structures with effective medium response properties at selectable RF frequencies. Controlled permittivity may be attained from the plasma-like response of periodic inductive structures. The resulting frequency-dependent dielectric constant can be negative or positive. Negative permeability may be attained from periodic arrays of magnetic dipole symmetry resonators such as Pendry's split-ring resonators; 2 these resonators display a frequency-dependent magnetic response though they are constructed from non-magnetic conductors such as copper. Negative permeability from split-ring resonator arrays combined with negative permittivity from inductive wire arrays results in a negative index of refraction that occurs in left-handed media. 1, 3, 4 Left-handed media are currently the subject of intense study by our colleagues at UCSD and many others around the world. As a practical matter, the negative refractive response is currently limited to small frequency bands with high RF losses. This manuscript addresses the practical design of structural composites with controlled positive index of refraction.
Structured conducting media referred to as artificial dielectrics have been studied since the 1950's, and perhaps earlier, for modeling RF propagation in the ionosphere, and due to low their intrinsic losses, these media have also been considered for use as microwave lenses. 5, 6 Many artificial dielectrics are plasma analogs that we refer to as artificial plasmon media. These example media share an interesting characteristic: they dramatically affect electromagnetic radiation while occupying a small, often negligible volume fraction. In fact, by themselves, the artificial media have little or no structural integrity and are typically held in low-density polystyrene or patterned onto thin plastic sheets, minimizing the contribution of the non-metal components. We are specifically interested in the case where such a medium is embedded in a dielectric matrix with significant structural integrity, forming a hybrid material system. Numerical simulations and experiments confirm that the dielectric properties of such hybrid composites do, in the absence of significant RF losses, follow the expected analytical form for the combination of a dilute plasma and an ordinary dielectric material. In particular, we find that such a hybrid material can serve as an RF window (index of refraction Ò ½) over a large bandwidth without significantly altering its other (e.g. structural) properties.
ARTIFICIAL PLASMON MEDIA
The ionosphere is a dilute plasma, and many artificial dielectrics are plasma analogs. In 1996, Pendry et al. 7 presented an artificial plasmon medium composed of a periodic arrangement of very thin conducting wires, predicting a plasma frequency in the microwave regime, below the diffraction limit. Recently, other researchers have presented examples of artificial plasmon media at microwave frequencies. 8 The dielectric constant of a dilute neutral plasma is given by
where Ô is the plasma frequency and is the electromagnetic excitation frequency. Thus, a plasma has a dispersive dielectric response. The degree to which an artificial medium obeys Equation 1 must often be determined empirically and depends on the construction materials and on the geometric properties that determine Ô relative to the inter-element spacing of the metal scattering elements. Three examples of artificial plasmon media composed of periodic arrangements of straight wires in a square lattice arrangement: (a) two-dimensional medium for electromagnetic radiation with linear polarization along the y-axis; (b) two-dimensional medium for electromagnetic radiation with wave vector parallel to the x-axis and arbitrary polarization; and (c) three-dimensional medium for electromagnetic radiation with arbitrary wave vector and arbitrary polarization. These configurations were considered by researchers in the 1950s 5, 6 and recently re-interpreted by Pendry et al. 7 in the 1990s.
We have selected three classes of artificial plasmon media for our research program. We refer to these classes as thin wire media, loop-wire media, and coil media. Thin-wire media, as illustrated in Figure 1 , were re-introduced by Pendry et al. 7 in the 1990s who demonstrated through theoretical analysis that these structures can be engineered with a plasma frequency Ô in the microwave regime, below the diffraction limit. Pendry et al. 9 provide the following prediction for the plasma frequency of a thin wire medium:
where ¼ is the speed of light in vacuum, is the lattice spacing, and Ö is the wire diameter. Ý The length of the wires is assumed to be infinite and, in practice, a designer should assure that Ð Ö where Ð is the wire length. Pendry et al. 9 suggest a wire radius of approximately one micron for a lattice spacing of 1cm resulting in a ratio, Ö, on the order of or greater than ½¼ .
Loop-wire media introduced by Smith et al. 8 achieve a microwave frequency plasma frequency though constructed from a relatively thick wire. This is possible due to the observation by Smith that the large effective electron mass calculated by Ý We keep the additional numerical correction factor ¡ ½ ¾´½ · ÐÒ µ that Pendry usually drops because we typically employ this formula for values of and Ö that do not follow the assumption that ÐÒ Ö ¡ ½.
Pendry is equivalent to an effective inductance of the thin-wire medium. This inductance can be increased by making the wire elements very thin or by arranging inductive loops within the medium. Smith's loop-wire medium is illustrated in Figure 2 . When designing loop-wire or coil media, it is necessary to consider polarization rotation. For example, the twodimensional coil medium illustrated in Figure 1d will behave like a plasma for linearly polarized electromagnetic radiation. However, the loop-wire medium in Figure 2c will introduce a polarization rotation because all of the loop-wire elements are right-handed. Similar unit cell structures to those depicted in Figure 2 have been studied previously as examples of chiral media. Chirality or handedness in either random media or structured media has significant consequences for electromagnetic wave propagation that have been studied at great length elsewhere. Figure 2 . The loop-wire medium introduced by Smith et al. 8 and the coil medium that logically follows: (a) A primitive unit cell of a loop-wire medium generated by GdfidL, 11 a finite difference electromagnetic solver; (b) A GdfidL unit cell (not primitive) of a coil medium that represents a maximally inductive extension of the loop-wire unit cell; (c) A finite medium of loop-wire elements, rendered by GdfidL for visual presentation only, that may be compared to the thin wire medium in Figure 1a ; and (d) A concept design of a finite coil medium composed of coils with alternating handedness to prevent polarization rotation of linearly polarized electromagnetic radiation.
PROPERTIES OF PLASMON/POLYMER HYBRID MATERIALS
For a homogeneous conducting medium at low-frequencies, one can express the frequency-dependent dielectric constant as
, where is the ohmic conductivity of "free" electrons and ¼ is due to the normal dipolar response of fixed charges. 12 In the case of an ideal plasmon medium, the expression for the dielectric constant follows Equation 1 when the normal dipolar response term is equal to 1 ( ¼ ½ ). In this case, the dielectric constant takes on negative values for Ô and asymptotically approaches 1 as ½. The presence of a dielectric matrix (into which the plasmon medium is embedded) will result in a polarization response that can be accounted for by introducing ¼ such that
Now, is the effective dielectric constant of an ideal plasmon/dielectric composite material. The dipolar response term ¼ is substantially equal to the effective dielectric constant of the polymer composite matrix in the absence of the integrated artificial plasmon medium when that medium closely obeys Equation 1 and also occupies a negligible volume fraction of the composite. With the addition of the dielectric host matrix, the dielectric constant takes a value of unity at a finite frequency
We will refer to ½ as the match frequency, the frequency at which
and there is no refraction at an interface between air and the ideal composite material. The frequency at which 
COMPOSITES WITH INTEGRATED ARTIFICIAL PLASMON MEDIA
The conditions for an ideal plasmon/dielectric composite are that electromagnetic losses may be neglected and that the effective medium approximation is valid. For this, the electromagnetic wavelength must be much larger than the lattice spacing of the artificial plasmon medium. Because we are interested in index of refraction close to unity, we may compare the free space wavelength ¼ ¼ to the scattering medium lattice spacing. Figure 4 presents three laboratory prototypes of plasmon polymer hybrids. These include a loop-wire medium constructed on a two-dimensional array of threaded nylon rods; a thin wire medium in a block of Rexolite, a cross-linked polystyrene material with favorable RF properties; and a coil medium held under tension within a two-dimensional array of holes in a polymer material.
Our first hybrid material prototype was actually a hybrid structure of threaded nylon rods that supported a loop-wire artificial plasmon medium; see Figure 4a . This structure was designed through numerical simulations of electromagnetic wave propagation. These simulations were performed with GdfidL, 11 an electromagnetic solver developed by Dr. Warner Figure 2 ) incorporated into a lattice of 6-32 threaded nylon rods. The threaded rods were scored along their length to provide a wire guide, and the threads were used support and position the inductive loops; (b) A thin wire medium (see Figure 1a) of 50 m diameter copper wire integrated into a two-dimensional square lattice of holes in a polymer material. This thin sample is designed to be placed between two metal plates that make electrical contact with each of the wires. The resulting configuration simulates an infinite material in the direction perpendicular to the plates. Such two-dimensional guided wave measurements are discussed by Shelby et al. 4 and Smith et al. 13 ; (c) A coil medium with coils of alternating sense (see Figure 2d ) incorporated into a square array of holes in a polymer matrix. The coils are held in tension and are mechanically adjustable by variation of their overall length.
Bruns. The geometry represented in Figure 2a was used with the addition of a nylon rod component, representing the structure shown in Figure 4a . To simplify the simulation, a square geometry, with equivalent cross-sectional areas, was used for both the loop-wire element and the nylon rod. With GdfidL, we performed a finite difference frequency domain (FDFD) calculation of the dispersion for the nylon rod structure. The calculated dispersion provides the mode frequency as a function of phase advance across the unit cell in the direction of wave propagation, the x-direction in Figure 2a . The wave number , the magnitude of the electromagnetic wave vector , is directly related to the phase advance , measured in radians, and the size of the unit cell , as . The predicted index of refraction may thus be extracted from the GdfidL calculation as
where is the mode frequency of the GdfidL solution and ¼ is the speed of light in vacuum. The results of the GdfidL calculation and a confirming experiment are presented in Figure 5 . GHz and a predicted match frequency ½ ½¼GHz. We characterized this sample with an angular resolved microwave transmission measurement developed by Richard Shelby in the laboratory of Professor S. Schultz at UCSD. 4 This measurement employs a microwave beam guided between closely spaced metal plates; the electric field of this guided beam is constrained by the geometry such that the electric field component is spatially uniform along any perpendicular projection between these plates. For a plasmon sample such as our plasmon polymer hybrid, the measurement requires electrical contact between the metal guide plates and each of the wires. In this measurement, the distance between the sample and the microwave detector (see Figure 6a ) was shorter than that required to avoid Fresnel effects. The lattice spacing of the plasmon medium was approximately 5mm. Given the RF wavelength ¿ cm at 10GHz, this hybrid was not an ideal example of a plasmon polymer hybrid because the wavelength to lattice spacing ratio was not sufficiently large. Despite these limitations, both the predicted turn-on frequency ¼ and the match frequency ½ were remarkably consistent with the measurements.
To consider a better example of an ideal effective medium hybrid, we modeled a coil medium such as that shown in Figure  2 with a plasma frequency Ô ½ GHz corresponding to a free-space wavelength ¾½cm. With a lattice spacing of 1cm, this medium has ¾¼. We studied the validity of Equation 3 for this medium using a series of simulations where the host matrix dielectric constant ¼ was varied. The results appear in Figure 7 .
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EFFECTIVE DIELECTRIC CONSTANT OF COMPOSITES
The artificial plasmon medium is embedded in a fiber reinforced composite host that is designed for optimal thermomechanical attributes to provide necessary stiffness, strength, toughness, and thermal management. The overall thermomechanical as well as electromagnetic properties of such a host composite can be estimated using various micro-mechanical models; see Nemat-Nasser and Hori. 14, 15 Here we focus on estimating the effective dielectric tensor, ¼ , of the host composite, considering for illustration a two-phase material, e.g., polymer matrix phase (denoted by subscript 1) containing reinforcing fibers (denoted by subscript 2).
The effective dielectric constant of this two-phase composite can be expressed as
where ½ and ¾ are the dielectric tensors of phase 1 and 2, ½ and ¾ are the corresponding field concentration tensors, and is the volume fraction of phase 2. The concentration tensors are defined by
where denotes the volume average of , ¼ is the electric field applied at the boundary, and Á is the second-order unit tensor. If these concentration tensors are set equal to the unit tensor, then one obtains the results originally proposed by Voigt. 16 It is clear that the effectiveness of the model depends on the effectiveness of the estimate of these concentration tensors.
It is also possible to start with estimating the inverse of the electric permittivity, 
where 's are now the concentration tensors. We shall not follow this line of calculation here and refer the reader to Nemat-Nasser and Hori 14 for details. Here, we use a simple model to calculate explicitly the concentration tensors, ½ and ¾ , adopting a special version of the double-inclusion model proposed by Nemat-Nasser and Hori.
14 To this end, we assume that the average field, ¾ , in phase 2, is equal to the average field in a single inclusion embedded in an infinite homogeneous matrix subjected to an external field equal to the yet-unknown average field, ½ , in phase 1, 
where Ð is a concentration tensor for the dilute distribution of phase 2 inclusions (i.e., no interaction with other inclusions), and can be determined, using Eshelby's equivalent-inclusion concept, 17 for an assumed inclusion geometry.
In the second expression above, Ë is the dielectric Eshelby tensor. 
For spherical inclusions, in particular, we obtain, after some manipulation,
where the constituents and the resulting composite are assumed to be isotropic. Similar results can be obtained for other geometries of the inclusions. Also, in many applications a periodic microstructure may better correspond to the actual fiber arrangement. Again, the concentration tensors can be calculated and the procedure remains the same. For these cases as well as for finite composites, it is possible to obtain explicit lower and upper bounds on the effective electric permittivity, as discussed in Nemat-Nasser and Hori. 
CONCLUSION
We have presented analytical and numerical models for the electromagnetic enhancement of structural composites. This enhancement, in the form of integrated conducting media such as artificial plasmon media, can be used to control RF properties such as the index of refraction in a desired frequency band. Through computational analysis and experimental characterization of laboratory-scale prototypes, we have demonstrated our capability to design hybrid composites based on models such as those represented by Equations 2, 3, and 10.
